Despite the widespread use of these carrel at ions, certain "anomalies" have been reported in recent years (5) . For example, in low alloy 4340-type steels, it has been shown that"sharp crack" Krc toughness can be increased as the coarseness of the microstructure is increased by raising the austenitizing temperature, while the "rounded-notch" Charpy values actually decreased (6, 7) , a result 1 independent of loading rate and fracture mode (S-7). Another example involves wrought and cast steels, for which Charpy V-notch measurements imp 1 i ed an inferior toughness of cast a 11 oys, whereas Krc values remained unchanged (8) .
These discrepancies result primarily from the larger critical volume of stressed material involved in the fracture process ahead of a rounded notch, compared to that ahead of a sharp crack, resu 1 t i ng in major differences in extent of the fracture 11 process zone 11 compared with the charac teri st i c mi crostructura 1 s 1ze. This difference in scale derives from distinct differences in form of the stress field local to the crack (or notch) tip (9, 10) , and specifically to the location of maximum local tensile (and hydrostatic) stresses. This location dictates whether the stress distribution ahead of the tip is increasing or decreasing over di•ensions comparable with the microstructural scale of fracture events ( Fig. 1 ).
The objective of the present paper is to present a new micromechanical analysis tor transgranular cleavage ahead of a rounded notch, using a recently developed weakest link statistical model ...
li. STATISTICAL RELATION FOR TRANSGRANULAR CLEAVAGE
The process of cleavage fracture is envisioned in terms of the s 1 i p-i nduced cracking of predominate 1 y grain boundary part i c 1 es, followed by propagation of the resultant cracks into the surrounding matrix (12, 13) . Ahead of a rounded notch (with root radius large compared to microstructural dimensions), this process has been considered to occur when the maximum value of the local tensile stress exceeds a critical fracture stress (14) , generally regarded as a quantity independent of temperature and strain rate (14, 15) . For loads wel 1 below general yield, the location of the peak stress ahead ..
of a notch (Fig. 1a) (10, 16) suggests that the initial cracking event_ in notched specimens occurs at a distance the order of the plasticzone size ahead of the notch tip. Conversely, for cleavage fracture ahead of a microscopically-sharp crack, the maximum tensile stresses occur far closer to the tip within two crack tip opening displacements ( Fig. 1b) (9) , leading to the Ritchie, Knott and Rice (RKR) postulate that the local tensile stresses must exceed the fracture stress over a microstructurally-significant (characteristic) distance ahead of the crack tip (17) .
In stochastic terms, these models can be re-formulated using weakest link statistics (11, (18) (19) (20) (21) (22) . Accordingly, the cleavage fracture toughness is estimated in terms of the volume of material within the p 1 as tic zone needed to assure the presence of an "eligible" cracked particle, at which the fracture criterion is
. .
satisfied. The probability of finding an "eligible" particle is promoted with increasing volume, i.e., with increasing distance from the tip. Consequent 1 y, the site of the crit i ca 1 fracture event is dictated by the local stress gradient over the relevant microstructural size-scales: positive for the rounded notch, but negative for the sharp crack.
The statistical model consid~rs that particles located within the plastic zone are susceptible to cracking and, when cracked, exhibit a "strength 11 S inversely related to their diameter dp (23) ,
where E is Young's modulus, v is Poisson's ratio, and Yp is the effective fracture surface energy of the matrix. The plastic zone volume is characterized in terms of active elements, located distance r from the tip, of volume oV given by (11):
where b is a characteristic dimension describing the distance between initial nucleation events along the crack front (19) . Such elements represent regions of constant stress in which particle microcracks liable to be activated al 1 have strengths less than, or equal to, the appropriate local stress a. The total failure probability can then be stated in terms of the elemental particle strength distribution g(S)dS and the product of the survival probabilities of all elements 4 integrated over the plastic zone (24) :
The number of cracked particles in a unit volume having strengths between Sand S+dS, g(S)dS, can be evaluated using the threeparameter Weibull assumption (25):
where m is a shape factor, S 0 is a scale parameter, Su is a lower bound strength (of the largest feasible cracked particle), N 0 is the nu~ber of particl~s per unit volume, and f represents:the fraction of "eligible" particles that participate in the fracture process.
Given the stress distribution within the plastic zone, the failure probability of the structure may be ascertained from Eq. . nom -B(W _ a)2 (5) where Pis the applied load, Lis the loading span, and Band Ware the test piece thickness and width, respectively. For fully plastic conditions, the stress field in plane strain can be deduced from the slip-line field about the notch using characteristic lines of maximum shear stress defined by a= constant and 6 =constant (16) (Fig. 2) .
The upper and lower boundaries of the plastic zone are a= -~ and 6 = ~, where ~ decreases from rr /4 to rr /16 as genera 1 yi e 1 d is approached. The principal axes coincide with the cylindrical coordinates (9): r = p exp ( rr /2 + w)
Hence, assuming that the von Mises criterion pertains, the maximum 6 y principal stress at any point within the plastic zone can be expressed as (28}:
Contours of constant a1 can be represented as circular arcs about the notch center, as illustrated in Fig. 2 . For a non-hardening material, it follows that:
:
For a hardening material, the stresses may be derived from the 
IV. FRACTURE AT ROUNDED NOTCHES
For a non-hardening material, the active zone elemental volume, in which o1 is constant (Eq. (2)), can be defined for the notch field as:
..
where b is a characteristic dimension along the crack front (19 The failure probability of individual elements can thus be expressed as:
After differentiation, it can be seen that the elemental failure probability exhibits a maximum at a distance ahead of the notch tip. This dimension, given by (do~ = 0):
represents the location ahead of the notch tip where the initial cracking event is most probable. This occurs at a fracture stress:
For a power hardening material, the elemental and total failure probabilities become:
Trends in the elemental failure probability with distance from the notch tip (Fig. 6 ) indicate that the most probable fracture site displaces away from the notch tip as the temperature increases.
Specific trends in the critical distance r* with temperature, deduced from Eq. (18) , are plotted in Fig. 7a . Note that r* coincides quite
closely with the location of the maximum value of the principal tensile stress, rmax·
Variations in the fracture load can also be deduced from Eq.
(18), at various probability levels. Predictions of the load variation using values for the matrix variables pertinent to AISI 1008 stee 1 are presented in Fig. 8 , and compared with experimenta 1 data (Section VI).
V. FRACTURE AHEAD OF A SHARP CRACK
At the lowest temperatures, the plastic zone is small and the,.
most probable cracking event occurs close to the elastic-plastic interface. Consequently, the extension of a sharp crack has been analyzed in terms of a linear elastic field (30) that best represents the variation in local crack tip stresses in that region. An asymptotic lower bound estimate of Krc results (11) . Conversely, at higher temperatures approaching the ductile/brittle transition region, the most probable cracking event resides wel 1 within the plastic zone. Fracture behavior is then most adequately described in terms of the near-tip HRR nonlinear elastic stress distribution (31,32), with stresses truncated at roughly two crack tip displacements (r < 28) from the tip due to crack tip blunting (9,33).
As the maximum tensile stresses are reached within r ~ 28, stresses are progressively decreased over dimensions ahead of the tip comparable with the microstructurally relevant size-scales. The site 11 of the initial cracking event, i.e., the characteristic distance r;
where the elemental failure probability exhibits a maximum, thus reflects the mutual competition between behavior far from the tip, where the population of eligible cracked particles is large but stresses are low, and behavior close to the tip, where stresses are higher but the number of eligible particles is less. Based on the linear elastic and HRR fields, respectively, the characteristic distance is given by (11): (19) for the linear elastic field pertinent to low temperatures, and 
for the linear elastic field, and
12
,.
r-
for ~he HRR field.
The fracture toughness, KIC' can also be predicted, when the total failure probability of material within the plastic zone is evaluated at the median level (¢ = 1/2); at low temperatures:
and at higher temperatures: (24) where f,; and n are functions evaluated in ref. 26 . Trends in predicted Krc values with temperature are presented in Fig. 9 , pertinent to AISI 1008 steel.
VI. EXPERIMENTAL PROCEDURES
Experiments were performed on an AIS I 1008 mi 1 d stee 1, of composition shown in Table I . The steel was austenitized at 920°C, air cooled, and spheroidized at 700°C for 7 days, to give a ferritic microstructure, with aver~ge grain size 25' urn, containing predominately spheri ca 1 grain boundary carbides, with mean diameter "'2 wm (termed L7 microstructure). The particle size distribution 13 The results confirm that the critical cracking event occurs some distance ahead of the notch or crack tip, consistent with · fractographic evidence showing probable initiation sites to be particles located a few grain diameters from a crack tip (Fig. 12 ).
The differences in the·most probable location of this critical fracture event highlight the essential distinction between in cleavage fracture ahead of sharp cracks and rounded notches. In fracture is controlled by a statistical competition between particle crack nuclei of different sizes, i.e., the probabi 1 ity of finding an eligible particle crack is enhanced with increasing distance from the tip whereas the highest stresses are found with decreasing distance 15 from the tip.· The more numerous fine particles can participate in the fracture process, provided they are situated close to the tip where they are subjected to the highest stresses.
The corresponding locations of the critical fracture event for the rounded notch at different temperatures are shown in Fig. 14 . In contrast to the sharp crack the stress gradients are much shallower and indicate that the relevant local stresses and the probability of finding an eligible particle both increase with increasing-distance from the tip. Statistically, there is now less competition between the location of the eligible crack nuclei and the highest stresses, with the result that the critical event occurs further from the tip.
Moreover, due to this lack of statistical competition, the integrated failure criterion for the rounded notch will be associated primarily with the larg~st particles, consistent with early models of cleavage fracture under uniform stress fields {23) where it was postulated that fracture would initiate at the largest observable carbide.
The current mode 1 a 1 so imp 1 i es, contrary to ear 1 i er ana 1 yses (14, (17) (18) (19) (20) (21) , that the fracture stress for cleavage cracking is not identical for failure ahead of sharp cracks and rounded notches.
Although similar in magnitude, due to different sampling conditions Note how the stress gradient is positive over the majority of the plastic zone size ry for the notch, with the peak stress occurring many gra1n diameters, dg, from the tip. For the crack, the stress gradient is sharply negative with the peak stress occurring at a couple of grain diameters from the tip. Resu 1 ts computed for a mi 1 d stee 1 at -1200C.
o is the crack tip opening displacement, n is the work hardening exponent. Results are taken from the numerical computations of Griffiths and Owen (10) 
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Model predictions for the critical fracture stress for cleavage, Of, ahead of a sharp crack (Eqs. (21, 22) ) and a rounded notch (Eq. (16)) for AISI 1008 steel (L7 microstructure). Su is the fracture strength of the largest observable particle. 
